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ABSTRACT 

An overview of the phenomenology of CP violation is presented. The Standard Model 
mechanism of CP violation and its main experimental tests, both in the kaon and 
bottom systems, are discussed. 

1 Introduction 

Charge conjugation (C) and Parity (P) are drastically violated by the weak inter- 
actions; however, their product CP happens to be a good symmetry in nearly all 
observed phenomena. So far, only in the decay of neutral kaons a slight violation of 
the CP symmetry (~ 2 x 1CT 3 ) has been established. No observation of this phe- 
nomena has been made in any other system. Our understanding of CP violation is 
therefore very poor. We do not know yet whether CP violation is simply an accident 
proper to the neutral kaons, due to the fact that the K° oscillates into its antiparticle, 
or if it is a general property of weak interactions which could manifest in other weak 
decays. 

In the three-generation Standard Model (SM), CP violation originates from the 
single phase naturally occurring in the Cabibbo-Kobayashi-Maskawa (CKM) quark- 
mixing matrix [0],§]. The present experimental observations are in agreement with 
the SM expectations; nevertheless, the correctness of the CKM mechanism is far 
from being proved. We have no understanding of why nature has chosen the number 
and properties of fundamental fields just so that CP-violation may be possible. Like 
fermion masses and quark-mixing angles, the origin of the CKM phase lies in the 
more obscure part of the SM Lagrangian: the scalar sector. Obviously, CP violation 
could well be a sensitive probe for new physics beyond the SM. 

The purpose of these lectures is to give an overview of the phenomenology of 
CP violation. The SM mechanism of CP violation is presented in Sect. 0. Sect. |3| 

*On leave of absence from Departament de Fisica Teorica, Universitat de Valencia, and IFIC, 
Centre Mixte Universitat de Valencia-CSIC, E-46100 Burjassot, Valencia, Spain. 
tWork supported in part by CICYT (Spain), under grant No. AEN93-0234. 
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shows different ways of generating an observable CP-violating effect and summarizes 
the present experimental evidence in the kaon system; the SM predictions for these 
CP-violation observables are also discussed. The strong CP problem is very briefly 
mentioned in Sec. [|. Sects. || and || describe future tests of CP violation in rare 
K decays and with B mesons, respectively. The present tests on the unitarity of 
the CKM matrix and a few sumarizing comments are finally collected in Sect. ^. A 
more extensive discussion can be found in many reviews of CP violation, published 
recently §-0]. 



2 The CKM Mechanism of CP Violation 



CP violation requires the presence of complex phases. The only part of the SM 
Lagrangian containing complex couplings is the Yukawa sector, introduced to generate 
the femion masses: 



C 



Yukawa 



U L m U' R 



D' L m D' R + h.c. ) ( 1 + — 



(1) 



Here $ stands for the scalar Higgs field and v is its vacuum expectation value. The 
quark fields U' L R and D' L R are the 3-component vectors in flavour space for the up- 
and down-type quarks respectively, 



U', 
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(2) 



and m, m are 3x3 mass matrices of arbitrary complex numbers, the elements of 
which are m^- = — ^Yij and = — -j^Yij where Y%j and Yy are the Yukawa coupling 
constants with i = u, c or t and j = d,s or b. 

In general, m and m are not diagonal. The diagonalization of the quark-mass 
matrices, m D = VlvoV r and m D = Vj,mV^, defines the physical (mass-eigenstates) 
fermion fields Ul,r = Vl,rU' l r and D^ R = Vi^rD^ r where Vl,r and Vl,r are unitary 
matrices. 

The coupling of the physical quarks to the neutral Z preserves the observed ab- 
sence of flavour- changing neutral currents (FCNC), while their coupling to the charged 
W ± introduces the mixing between families. The charged-current couplings are: 



Cw = 72 { Ul ^W+VD l + Dl^W-V^Ul } 



(3) 



where V = V L V£ is an unitary 3x3 matrix called the quark-mixing or Cabibbo- 
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Kobayashi-Maskawa (CKM) matrix gg: 





-v ud 


V us 


v ub - 


V = 


v cd 


V cs 


v cb 
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(4) 



Obviously this picture can be extended to more than three families and could be valid 
(with massive neutrinos) for the leptonic sector. 

The Yukawa couplings Yy and Yy are completely arbitrary complex numbers; 
therefore, the resulting quark masses and CKM matrix elements cannot be predicted 
in any way. Our lack of understanding of the scalar sector translates into a prolifer- 
ation of free parameters. A general unitary n x n matrix can be characterized by n 2 
independent real parameters. Not all these parameters are, however, physical observ- 
ables. The SM Lagrangian remains invariant under the following transformation: 
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i<t>(u')jj 
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(5) 



Thus, (2n — 1) phases, where n is the number of fermion families, can be reabsorbed 
by an appropriate redefinition of the quark fields. The most general CKM matrix 



contains then (n— 1) real parameters: 



n in- 



l)/2 mixing angles and (n — l)(n — 2)/2 



phases. With more than two families, the elements of V can be complex numbers 
which allow the possibility for generating CP violation through the interference of 
two diagrams involving different matrix elements. 

With n = 3, the CKM matrix is described by 3 angles and 1 phase. Different (but 
equivalent) representations can be found in the literature. The Particle Data Group || 
advocates the use of the following one as the "standard" CKM parametrization: 
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(6) 



Here c,- 



cos 6ij and Sjj 



sin 8ij, with i and j being "generation" labels = 
1,2,3). The real angles 812, 823 and #13 can all be made to lie in the first quadrant, 
by an appropriate redefinition of quark field phases; then, > 0, > and 
< S 13 < 2tt. 

It is an empirical fact that the CKM matrix shows a hierarchical pattern, with 
the diagonal elements being very close to one, the ones connecting the two first 
generations having a size A ~ sindc ~ 0.22, the mixing between the second and third 
families being of order A 2 , and the mixing between the first and third quark flavours 
having a much smaller size of about A 3 . It is then quite practical to use the so-called 
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Wolfenstein 



V 



approximate representation of V: 
X 2 



1 - 



-A 



A 



1 - 



A 2 



AX 3 (p - irj) 
AX 2 



A\ 3 (l- p-irj) 
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(7) 



The values of A, p and r\ are poorly measured: A = 0.82 ± 0.10 and \p\, \rj\ < 0.5. CP 
is violated if r\ ^ 0. 

Since 5\z (rj) is the oly possible source of CP violation, the SM predictions for CP- 
violating phenomena are quite constrained. Moreover, the CKM mechanism requires 
several necessary conditions in order to generate an observable CP- violation effect. 
With only two fermion generations, the quark-mixing mechanism cannot give rise 
to CP violation; therefore, for CP violation to occur in a particular process, all 3 
generations are required to play an active role. In the kaon system, for instance, CP- 
violation effects can only appear at the one- loop level, where the top-quark is present. 
In addition, all CKM-matrix elements must be non-zero and the quarks of a given 
charge must be non-degenerate in mass. If any of these conditions were not satisfied, 
the CKM-phase could be rotated away by a redefinition of the quark fields. CP- 
violation effects are then necessarily proportional to the product of all CKM-angles, 
and should vanish in the limit where any two (equal-charge) quark-masses are taken 
to be equal. All these necessary conditions can be summarized in a very elegant way 
as a single requirement on the original quark- mass matrices m and m [ID|: 



CP violation -<=>- Im{det[mm^, mm^]} ^ (8) 

Without performing any detailed calculation, one can make the following general 
statements on the implications of the CKM mechanism of CP violation: 

• Owing to unitarity, for any choice of k, I (between 1 and 3), 



3 ^ ] ^ilm^jkn j 

771,71=1 



J = Ci2C23Ci 3 Si2S23Sl3Sin(5i3 « A 2 X % T] < 10" 



(9) 
(10) 



Any CP- violation observable involves the product J flOfl . Thus, violations of 
the CP symmetry are necessarily small. 

In order to have sizeable CP- violating asymmetries [(]? — r)/(r + r)], one should 
look for very suppressed decays, where the decay widths already involve small 
CKM matrix elements. 

In the SM, CP violation is a low-energy phenomena in the sense that any effect 
should dissapear when the quark-mass difference m c — m u becomes negligible. 
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B decays are the optimal place for CP-violation signals to show up. They 
involve small CKM elements and are the lowest-mass processes where the 3 
generations play a direct (tree level) role. 



3 Indirect and Direct CP Violation in the Kaon System 

Any observable CP-violation effect is generated by the interference between differ- 
ent amplitudes contributing to the same physical transition. This interference can 
occur either through meson-antimeson mixing or via final-state interactions, or by a 
combination of both effects. 



3.1 K°-K° Mixing 

The strangeness (flavour) quantum number is not conserved by weak interactions. 
Thus a K° state can be transformed into its antiparticle K° (and analogously for D° 
and B° mesons). Assuming CPT symmetry to hold, the 2x2 K°-K° mixing matrix 
can be written as 

M* 2 M 

where the diagonal elements M and V are real parameters. If CP were conserved, 
M 12 and r 12 would also be real. The physical eigenstates of M. are 

\ K S,l) = ~r = ■ = [p \K°) =F q \K°)} , (12) 

y\p\ 2 + \qr 




where 



q _ 1-e /M* 2 -|r 



2" L 12 



1/2 

(13) 



p l + e V M i2-fri2/ 

Clearly if M 12 and were real, then q/p = 1 and \Ks,l) would correspond to the 
CP-even {Kx) and CP-odd (K 2 ) states \K lt2 ) = (\K°) T \K )) /V% [we use the phase 
convention^ CP\K°) = -|^ )]. Note that if the K°-K° mixing violates CP, the two 

* Since the flavour quantum number is conserved by strong interactions, there is some freedom 
in defining the phases of the flavour eigenstates. In general, one could use 

\K° C ) ee e-*\K°), \K° C ) ee e *|Jr°>, 

which satisfy CP\K%) = -e~ 2K \K^). Both basis are of course trivially related: M x c 2 = e 2iC Mi 2 , 

r^ 2 = e 2ll 'ri2 and (q/p)c = e^ 21 '' (q/p)- Thus, in general, q/p ^ 1 does not necessarily imply CP 
violation. CP is violated in the mixing matrix if \q/p\ ^ 1, i.e. Re(e) ^ and (Kl\Ks) ^ 0. 
Note that (Kl\Ks)c; = (Kl\Ks). Another phase-convention independent quantity is p^jj where 
Af ee A(K° -> /) and A/ ee A(K° -> /), for any final state /. 
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mass eigenstates are no longer orthogonal: 



{KLlKs) = WTW~ me{ ' ] - (14) 

The departure of \p/q\ from unity can be measured, by looking to a CP-violating 
asymmetry in a flavour-specific decay, i.e. a decay into a final state which can only 
be reached from an initial K° (or K°) but not from both: 

K° -»■ n-l+vi, K° -> 7T + /~^. (15) 

In the SM, \A(K° -> tt + /-^)| = |A(AT -> tt-/ + ^)|; therefore, 

_ T(^ L -> tt-Z+h) - r(ir L -> tt+Z-P;) = |p| 2 - |g| 2 _ 2Re(e) 
-T(K L ^TT-l+v l ) + r(K L ^Tr+l-u l ) \p\ 2 + \q\ 2 (1 + \e\ 2 Y 1 J 

The experimental measurement ||, 5 = (3.27 ± 0.12) x 10~ 3 , implies 

Re(e) = (1.63 ± 0.06) x 10" 3 . (17) 

3.2 Direct CP Violation 

If the flavour of the decaying meson P is known, any observed difference between 
the decay rate T(P — ► /) and its CP conjugate T(P — > /) would indicate that 
CP is directly violated in the decay amplitude. One could study, for instance, CP 
asymmetries in charged- kaon decays, such as K ± — > 7r ± 7r°, where the charge of the 
final pions clearly identifies the flavour of the decaying kaon (these types of decays 
are often referred to as self-tagging modes). No positive signal has been reported up 
to date. 

Since at least two interfering amplitudes are needed to generate a CP-violating 
effect, let us write the amplitudes for the transitions P — > f and P — > f as 

A[P /] = M 1 e** 1 e iai + M 2 e** 2 e ia2 , (18) 
A[P -»• f] = Mie- i,pl e iai + M 2 e~ i4>2 e ia2 , (19) 

where 0i, 02 denote the weak phases, oti, «2 strong final-state phases (and/or strong 
phases between S- and P-wave contributions in the case of baryon decays), and Mi, 
M 2 the moduli of the matrix elements. The rate asymmetry is then given by 

T[P -> f] - T[P -> f] = -2MxM 2 sin (0! - 2 ) sin ( ai - q 2 ) 

r[P /] - T[P ^ /] |M!| 2 + |M 2 | 2 + 2M 1 M 2 cos(0i -0 2 )cos(ai - a 2 ) ' 1 J 



Eq. pD]) tells us that the following requirements are needed in order to generate a 
direct-CP asymmetry: 

• Two (at least) interfering amplitudes. 



• Two different weak phases [sin (fa — fa) ^ 0], 

• Two different strong phases [sin («i — a 2 ) 7^ 0]. 

Moreover, in order to get a sizeable asymmetry (rate difference / sum), the two 
amplitudes Mi and M 2 should be of comparable size. 

In the kaon system, direct CP violation has been searched for in decays of neutral 
kaons, where K°-K° mixing is also involved. Thus, both direct and indirect CP- 
violation effects need to be taken into account, simultaneously. Since the tt + it~ and 
27T° states are even under CP, only the Ki state could decay into 2ir if CP were 
conserved; 37r's at least would then be required to allow a hadronic decay of the K 2 . 
Therefore, owing to the phase-space suppression of the K L — > 3n decay mode, the 
Ki ~ K 2 + eKi state has a much longer lifetime than the K$ ^ K\ + eK 2 . Since CP 
is violated, the Ki does decay into 2tt. The CP-violation signal is provided by the 
asymmetries: 

^ + - = 77^ T^k = e ~ £ + — — t-t=, (21) 

A(A 5 — > 7T + 7T ) 1+CJ/V2 

A(AT L -> 7T 7r°) , . 2e' , . 

where 

£ = e + ^o, (23) 

= (24) 

Re(A ) 

A/ and 5i are the decay-amplitudes and strong phase-shifts of isospin I = 0, 2 (these 
are the only two values allowed by Bose symmetry for the final 2ir state), 

A[K° -> (2tt)/] ee L4 /e i<5 ', -> (2tt)/] ee -iAJe"', (26) 

and 

_ Im(A 7 ) 

= rw (27) 

In Eqs. (BTJ) and (j2"2|), terms quadratic in the small CP-violating quantities have been 
neglected. 

The parameter e is related to the indirect CP violation. Note that e is a physical 
(measurable) phase-convention-independent quantity, while e is not [e =e in the phase 
convention Im(Ao) = 0; however, Re(e) = Re(e) in any convention]. Direct CP 
violation is measured through e', which is governed by the phase-difference between 
the two isospin amplitudes. The CP-conserving parameter u gives the relative size 
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between these two amplitudes; experimentally, one finds a very big enhancement of 
the 1 = channel with respect to the 1 = 2 one, which is known as the AI = 1/2 
rule: 

5 2 -5 = -45°±6°. (28) 

The small size of |o;| implies a strong suppression of e'. 

From the eigenvector equations for K$ and Kl one can easily obtain the relation 

... .o.M^-W 
/AM 2 + ±Ar 2 



where [§ AM = M(Kl) - M{K S ) = (3.522 ± 0.016) x 10" 12 MeV, Ar = r(JC L ) - 
Y{K S ) « -r(iT 5 ) = -(7.377 ±0.017) x 10~ 12 MeV, and 

/— 2AM\ 

= arctan ( Ar ) = 43.68° ± 0.15° (30) 

is the so-called superweak phase. Since Ar rs —2AM, one has (f>sw ~ 7r /4. Moreover, 
T 12 is dominated by the K° — > (27r)/ =0 decay mode; therefore, Im(r 12 )/Re(r 12 ) ~ 
— 2£ - Using these relations, one gets the approximate result 



e ^/4 r Im ( M; 



12 



v/2 12Re(M 12 
Notice that 5 2 — 5 + tt/2 « 7r/4, i.e. 

e «7r/4 



+ £o ■ (31) 



v/2 



"I (32) 



Thus, owing to the particular numerical values of the neutral-kaon-decay parameters, 
the phases of e and e' are nearly equal. 

The experimental world-averages quoted by the Particle Data Group M are 

\r] + _\ = (2.268 ± 0.023) x 10" 3 , (33) 
|r?oo| = (2.253 ± 0.024) x 10" 3 . (34) 

These two numbers are equal within errors, showing that indeed \e'\ « \e\ as ex- 
pected from the \uj\ suppression. Moreover, from Eq. ( fL7|) and arg (e) ~ 7r/4, we have 
|e| ~ 2.3 x 10~ 3 , in good agreement with the value extracted from K — > 2tt. 
The ratio s'/s can be determined through the relation 



Re 



(SKI 


!- 


Voo 


2 ] 






V+- 





(35) 
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Two different experiments |Il|,[l2j have recently reported a measurement of this quan- 
tity: 




(23.0 ±6.5) x f(T 4 NA31 [11], 
(7.4 ±5.9) x 1(T 4 E731 @. 



( 36 ) 



The NA31 measurement provides evidence for a non-zero value of e'/e (i.e. direct 
CP violation), with a statistical significance of more than three standard deviations. 
However, this is not supported by the E731 result, which is compatible with e'/e = 0, 
thus with no direct CP violation. The probability for the two results being statistically 
compatible is only 7.6%. 

Clearly, new experiments with a better sensitivity are required in order to resolve 
this discrepancy. A next generation of e' / e experiments is already under construction 
at CERN (TTSJ and Fermilab Moreover, a dedicated factory (DA$NE), provid- 



ing large amounts of tagged K s , K L and K ± (0 — > KK), is already being built at 
Frascati [|TJJ. The goal of all these experiments is to reach sensitivities better than 
10~ 4 . In the meantime, a much modest 10 -3 sensitivity should be reached by the 
CPLEAR experiment ||, presently running at CERN. 

3.3 Time Evolution 

K°-K° mixing implies that a state which was originally produced as a K° or a K° will 
not develop in time in a purely exponential fashion. The time- dependent amplitudes 
for the decay into a given final state / are given by: 

A(K°^f) ~ [A{K S ^ f)e- lMst e- Tst ' 2 + A{K L ^ f)e- lMLt e- TLt ' 2 }, (37) 
A{K° -> /) ~ {A{K s ^ f)e~ tMst e- rst/2 -A{K L ^ f)e- lMLt e- FLt/2 }. (38) 

In terms of the ratio 

* - W^f) s Me '"' (39) 

the time evolution of the decay rates can then be written as 

(40) 
(41) 

By measuring the decay rate as a function of time, the ratio rjj (both modulus and 
phase) and the mass-difference AM can be obtained. For the dominant 2tt modes, 
the measured phases ||, 

(f) + _ = (46.6 ±1.2)°, (42) 
0oo = (46.6 ±2.0)°, (43) 

are very close to 7r/4, as expected. 



T(K° - 


-/) 


~ e~ Tst + |77/| V 


- TLt + 2\r] f \ 


COS (0/ 


- AMt) e-V L+Ts ^ 2 


T(K° - 


+ /) 


~ e~ Tst + \vf\ 2 e 


- T *-2\ri f \ 


COS (0/ 


-AMt) e ~ {TL+Ts)t/2 
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3.4 SM Predictions 



The CKM mechanism generates CP-violation effects both in the AS = 2 K°-K° 
transition (box-diagrams) and in the AS = 1 decay amplitudes (penguin diagrams). 
Although a straightforward and well-defined technique, which makes use of the Oper- 
ator Product Expansion, is available for a short-distance analysis of these interactions, 
the final quantitative predictions are obscured by the presence of hadronic matrix- 
elements of weak four-quark operators, which are governed by long-distance physics. 



Figure 1: AS = 2 box diagrams. 



Figure 2: AS = 1 penguin diagrams. 

Only one such operator appears in the K°-K° mixing analysis. Including the 
short- distance QCD corrections, the box-diagram calculation of M i2 yields 

C 2 /If 2 

M 12 = -^-f {X 2 c r ]l S(r c ) + X 2 tV2 S(r t )+2X c X tm S(r c ,r t )} 

x T^F- «.(A* 2 ) _8/B (mi ~ 7fc)<0 (*7„(1 - \K°) , (44) 



2M, 



K 



where 



\ = V is V^ (i = u,c,t), (45) 

and S(ri), S(ri,rj) are functions of r< = (rrii/Mw) 2 - Owing to the unitarity of the 
CKM matrix, X u + X c + Xt = 0, and the contributions of the up, charm and top quarks 
to the box diagram add to zero in the limit of massless quarks (GIM mechanism [[l6|j). 
The loop functions Sfc) and S(ri,rj) are then very sensitive to the quark masses 
[S(ri) ~ Ti, for Ti << 1]. For large m t the second term in Eq. ( [44]) dominates. 

The factors 77, represent short-distance QCD corrections to the lowest-order box- 
diagram calculation (7^ = 1 in the absence of QCD effects): T)\ ~ 0.85, r] 2 ~ 0.57 and 
rj3 ~ 0.36 0. In addition, one needs to compute the hadronic matrix element of the 



AS = 2 four-quark operator in Eq. (|4"1"), which is usually parametrized in terms of 
the so-called parameter: 

a s (/i 2 )- 2 / 9 (f? |(^(l-75)rf)(^(l-75)rf)|^ ) = 2(l + ^) (V2f K M K ) 2 B K . 

(46) 

Bx = 1 corresponds to the factorization approximation, which consists in splitting 
the matrix element in a product of two currents, by inserting the vacuum in all possi- 
ble ways [(K°\ (s^(l - j 5 )d) |0) (0| (st m (1 - 7s)d) |^ )]. Clearly, this approximation 
can only be taken as an order-of-magnitude estimate, since it completely ignores 
the renormalization-group factor a s (/i 2 )~ 2 / 9 , where ft is an arbitrary renormalization 
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B K 


Method 


Reference 


0.33 


Lowest-order Chiral Perturbation Theory 





0.39 ±0.10 


QCD Sum Rules + Chiral Symmetry 


El 


0.5 ±0.1 ±0.2 


QCD Sum Rules (3-point function) 


m 


0.4 ±0.2 


Effective Action 


m 


0.381°;*° 


Estimate of 0(p 4 ) Chiral corrections 


1 21 ] 


3/4 


Leading 1/N C 




0.70 ±0.10 


1/N C expansion 


|22] 


0.8 ±0.2 


Lattice 


J2J 



Table 1: Values of Bk obtained by various methods. 



scale. The total product (and therefore B K ) in Eq. (fig) is of course /^-independent, 
because the dependence on the renormalization scale is exactelly cancelled by the 
hadronic matrix element. Unfortunately, it is very difficult to make a calculation of 
this matrix element from first principles. Table [l] shows the values of Bk obtained 
by various methods. The present uncertainty associated with the size of the hadronic 
matrix element is reflected in the broad range of calculated Bk values. 

In order to compute e, Im(Mi2) is obtained from Eq. ( pBD while Re(Mi2), which is 
much more sensitive to long-distance effects, is taken from the measured neutral-kaon 
mass diference AM. The result depends on the unknown top mass and on the values 
of the CKM elements. Using the Wolfenstein parametrization fl7|), the experimental 
value of e specifies a hyperbola in the (p,rj) plane p[: 



V 



p)A 2 r^ b + P c A 2 B K = 0.50, (47) 



where Pc ~ 2/3 contains the cc and tc box-diagram contributions^. 

The theoretical estimate of e'/e is much more involved, because ten four-quark 
operators need to be considered in the analysis and the presence of cancellations 
between different contributions tends to amplify the sensitivity to the not very well- 



controlled long-distance effects. A detailed discussion has been given in refs. p4 
For large values of the top-mass, the Z°-penguin contributions strongly suppress the 
expected value of e'/e, making the final result very sensitive to m t . In the presently 
favoured range of top masses, m t ~ 100 — 200 GeV , the theoretical estimates |24| 
give e'/e ~ (2 — 27) x 10~ 4 , with large uncertainties. More theoretical work is needed 
in order to get firm predictions. 



' The power-like dependence on r t (and similar ones that will appear in the following sections) 
represents a numerical fit to the exact loop functions |f|. In the range 100 GeV < m t < 200 GeV, 
the exact result is reproduced to an accuracy better than 3%. 



11 



4 Strong CP Violation 



CP violation could also originate from and additional term in the QCD Lagrangian, 



Ce = 0o-^e^5:G$G$, (48) 

which violates P, T and CP. Although ( ESI ) is a total derivative, it can give rise to 
observable effects because of the non-perturbative structure of the QCD vacuum (see 
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ref. [^5[ for a detailed discussion). 

One could try to impose P and T conservation in strong interactions, i.e. 9q = 0. 
However, owing to the axial anomaly of the U(1)a_ current, a non-zero value of 9 
would be again generated when diagonalizing the quark-mass matrices m and m. A 
U(1)a rotation is needed to eliminate a global phase of the quark-mass matrices, but 
due to the existence of a quantum anomaly, the full theory is not invariant under this 
transformation; the phase can be shifted from the quark-mass matrices to Cg, but it 
cannot be eliminated. In fact, the physical parameter (i.e. the one which remains 
invariant under the phase rotation) is not quite 9q, but rather the combination 

9 = 9 + arg {det (m) det (m)}. (49) 

A non-zero value of 9 could lead to observable effects in flavour- conserving tran- 
sitions. It may generate, in particular, a sizeable neutron electric dipole moment, 
which very refined experiments have constrained down to a very high precision [^(J : 

<T n < 12 x l(T 26 ecm (95% C.L.). (50) 



This provides a stringent upper limit on \9\. The more recent estimate of d^ ||25|| , 
done in the framework of Chiral Perturbation Theory (ChPT), gives 

|6»| < 5 x 10" 10 . (51) 

The smallness of this number, makes the 9 effect completely irrelevant for the 
phenomenology of CP violation in weak transitions. However, it leaves as an open 
question the reason for such a small quantity. The initial value of 9q and the messy 
phases present in the original Yukawa couplings should conspire to generate a huge 
cancellation giving rise to such a tiny value of 9\ This is usually known as the "strong 
CP problem" . The most plausible explanation is that the effective 9 is probably just 
zero, because there is some additional symmetry which makes it unobservable (i.e. 



it can be finally rotated away anyhow) p7j. Unfortunately, a clear solution of the 
problem is still missing. 



5 Rare K Decays 

High precision experiments on rare kaon decays |28| offer the exciting possibility of 
unravelling new physics beyond the SM. Searching for forbidden flavour-changing 
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processes (Kl — > fie, Kl — > n°fie, K + — > n + fie, ...) at the 10~ 10 level, one is 
actually exploring energy-scales above the 10 TeV region. The study of allowed (but 
highly suppressed) decay modes provides, at the same time, very interesting tests 
of the SM itself. Electromagnetic-induced non-leptonic weak transitions and higher- 
order weak processes are a useful tool to improve our understanding of the interplay 
among electromagnetic, weak and strong interactions. In addition, new signals of CP 
violation, which would help to elucidate the source of CP-violating phenomena, can 
be looked for. 



5.1 Ki —>■ vrVz/ 

Long-distance effects play a negligible role in the decays K — ► nuu, which proceed 
through P^-box and Z-penguin diagrams. The resulting amplitudes are proportional 
to the matrix element of the AS* = 1 vector current, 

T(K + F^r^^^^s^d^K), (52) 

i=u,c,t 

which is known from the K13 decays. 

The decay K + — > 7i + uu provides then a good test of the radiative structure 
of the SM, and could be used to extract clean information on the CKM factors. 
Summing over the three neutrino flavours, its branching ratio is expected to be around 
(1 — 5) x 10~ n |5|], while the present experimental upper bound is Br(K + — > tt + vv) < 

5.2 x 10~ 9 (90% C.L.) [p8 |. Experiments aiming to reach a sensitivity at the level of 



the SM prediction are already under way. 

The CP-violating decay Kl — > has been suggested |2Jj as a good candidate 



to look for (nearly) pure direct CP-violating transitions. Its decay amplitude its 
related to the K + — > -k + vv one by isospin: 

T(K L -> = - {(1 + e)T(K + -> tt + uu) - (1 - e)T(K~ -> vr^)} . (53) 

The contribution coming from indirect CP- violation via K°-K° mixing is predicted to 
be around 10 -15 [29]. Direct CP- violation generates a much bigger contribution ||: 

Br(K L -> w 0.82 x 10" 10 r t 118 AV • (54) 

The clean observation of just a single unambiguous event would indicate the existence 
of CP-violating AS = 1 transitions. The possibility of detecting such a decay mode 
is, of course, a big experimental challenge. The present (90% C.L.) experimental limit 
is Bt(Kl — > n^vv) < 2.2 x 10~ 4 . A much better sensitivity of about 10~ 7 is expected 



to be achieved in the near future 28 . 
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5.2 K L 



7T°e H 



The Kl —> 7r°e + e _ decay looks more promising. If CP were an exact symmetry, only 
the CP-even state K\ could decay via one-photon emission, while the decay of the CP- 
odd state K 2 would proceed through a two-photon intermediate state and, therefore, 
its decay amplitude would be suppressed by an additional power of a. When CP 
violation is taken into account, however, an 0(a) Kl — > 7r°e + e~ decay amplitude 
is induced, both through the small K\ component of the K L (e effect) and through 
direct CP violation in the K 2 — > 7r°e + e~ transition. The electromagnetic suppression 
of the CP-conserving amplitude then makes it plausible that this decay is dominated 
by the CP-violation contributions. 

The branching ratio induced by the direct CP-violation amplitude is predicted pij 
to be around 10 -11 , the exact number depending on the values of m t and the quark- 
mixing angles |J: 



Br(K L 



7rV 



Direct CP 



0.23 x 10 



-10„1.18 

' t 



4„2 



AS] 



(55) 



The indirect CP-violating contribution is given by the K$ — ► tt e + e~ amplitude 
times the CP-mixing parameter e. Using ChPT techniques, it is possible to relate [31] 
the Kg decay amplitude to the measured K + — ► 7r + e + e~ transition. Present data 
implies fl32| 



Br{K L 



< 1.6 x 10" 12 . (56) 

Indirect CP ~~ V ' 

Therefore, the interesting direct CP-violating contribution is expected to be bigger 
than the indirect one. This is very different from the situation in K — > mi, where the 
contribution due to mixing completely dominates. 

The present experimental upper bound |28|] (90% C.L.) 



Br(K L 



Exp 



< 5.5 x 10" 



(57) 



is still far away from the expected SM signal, but the prospects for getting the needed 
sensitivity of around 10~ 12 in the next few years are rather encouraging. In order to be 
able to interpret a future experimental measurement of this decay as a CP-violating 
signature, it is first necessary, however, to pin down the actual size of the two-photon- 
exchange CP-conserving amplitude. 

The Kl — > 7r°77 amplitude can be computed within ChPT ]33|| . One can then 
estimate the two-photon-exchange contribution to Kl — > 7r°e + e~, by taking the ab- 
sorptive part due to the two-photon discontinuity as an educated guess of the actual 
size of the complete amplitude [[H], [34|]. At the lowest non-trivial order in the mo- 
mentum expansion, 0(p 4 ), the K L — > n°e + e~ decay amplitude is strongly suppressed 
(it is proportional to m e ), owing to the helicity structure of the Kl — > 7r°77 decay 
amplitude pT| : 



Br(K L 



* * 
7T 7 7 



7rV 



0(p*) 



5 x 10" 15 . 



(5c 
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This helicity suppression is, however, no longer true at the next order in the chi- 
ral expansion, because an additional Lorentz structure is then allowed in the decay 
amplitude. An estimate of the dominant 0(p 6 ) contribution can be done, by us- 
ing the measured [35]| photon spectrum in the decay Kl — > 7r°77. The most recent 
analysis [Q gives 



Br(K L -> 7r u 7*7* -> 7r e + e-) q g ~ (0.3 - 1.8) x 10~ 12 , (59) 
implying that this decay is in fact dominated by the CP-violation contribution. 

5.3 Longitudinal Muon Polarization in Kl — > 

The longitudinal muon polarization Vl in the decay Kl — > is an interesting 

measure of CP violation. As for every CP-violating observable in the neutral kaon 
system, both indirect and direct CP-violation contributions need to be considered. 
In the SM, the direct CP- violating amplitude is induced by Higgs exchange with an 



effective one-loop flavour-changing sdH coupling [07]]. The present lower bound [311 
on the Higgs mass m H > 63.5 GeV (95% C.L.), implies |37|,[39| a conservative upper 
limit ["Pz^Directl < 10~ 4 . A much larger value Vl ~ O(10~ 2 ) appears quite naturally 



in various extensions of the SM P0| . It is worth emphasizing that Vl is especially 
sensitive to the presence of light scalars with CP- violating Yukawa couplings. Thus, 
Vl seems to be a good signature to look for new physics beyond the SM; for this to 
be the case, however, it is very important to have a good quantitative understanding 
of the SM prediction to allow us to infer, from a measurement of Vl-, the existence of 
a new CP- violation mechanism. 

The K\ — > decay amplitude can be unambiguously calculated in ChPT 

This allows us to make a reliable estimate^ of the contribution to Vl due to K°-K 

m 







mixing 



1/2 

\Br(K s -> 77), 



/ 2 x 10~ 6 

1-9 < \V L ,e\ x 10 3 — — -] < 2.5. (60) 



Taking into account the present experimental errors [Q in Br(Ks — > 77) [Br = 
(2.4 ± 1.2) x 10~ 6 ] and the inherent theoretical uncertainties due to uncalculated 
higher-order corrections, one can conclude that experimental indications for \Vl\ > 
5 x 10~ 3 would constitute clear evidence for additional mechanisms of CP violation 
beyond the SM. 



6 B decays 

Differences of rates that signal CP violation are proportional to the small product 
A 2 X 6 r), but the corresponding asymmetries (difference / sum) are enhanced in B-decay 

* Taking only the absorptive parts of the K 1)2 — * H + H~ amplitudes into account, a value \Vl,e\ ~ 
7x 10~ 4 was estimated previously [Q. However, this is only one out of four contributions to Vl 
which could all interfere constructively with unknown magnitudes. 
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relative to K-decay because the B-decay widths involve much smaller CKM elements 
(|Kfe| 2 or \V u b\ 2 << \V US \ 2 ). If the SM is correct, sizeable CP-violation asymmetries 
should be expected to show up in many decay modes of beauty particles [§4|. 



6.1 Indirect CP Violation 

The general formalism to describe mixing among the neutral B° and B° mesons is 
completely analogous to the one used in the kaon sector. However, the physical 
mass-eigenstates [CP\B°) = -\B )] 



\B T ) 



\p\ 2 + \q\ 



p\B°) T q\B°) 



(61) 



have now a comparable lifetime, because many decay modes are common to both 
states and therefore the available phase space is similar. 
The flavour-specific decays 



B L 



b° -> rptX 



(62) 



provide the most direct way to measure the amount of CP violation in the B°-B° 
mixing matrix. The asymmetry between the number of l + l + and pairs produced 
in the processes e + e~ — ► B°B° — ► / ± / ± X is easily found to be 



asL 



N{l+l+) - N(ri~) 
N{l+l+) + NjFF) 



\p/q\ 2 - \q/p\ 2 
\p/q\ 2 + \q/p\ 2 



4Re(e B ). 



(63) 



Unfortunately, this AB = 2 asymmetry is expected to be quite tiny in the SM, 
because |Ar/AM| w \T 12 /M 12 \ « 1 [AM = M B+ - M B _ } Ar = Y B+ - T B _]. This 
can be easily understood, by looking to the relevant box diagrams contributing to 
the B°-B° transition; the mass mixing is dominated by the top-quark graph, while 
the decay amplitudes get obviously its main contribution from the b — > c transition. 
Thus, 

Ti2 _. Zirm 2 1 _ A 



L2 



2 m 2 E'{r t ) 



« 1, 



where j|5| E'(r t ) is a slowly decreasing function of r t [E'(0) = 1, E'(oo) 
has then [see Eq. (|T3"D1 



where 



>/\B=2 



12 



M 



12 



arg 



sin 0AB=2, 



M 



12 



r 



12 



The factor sin 4>ab=2 involves an additional GIM suppression, 



> mz 



m, 



Sin (pAB=2 



mi 



1/4]. One 
(65) 

(66) 
(67) 
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implying a value of \q/p\ very close to 1. Here, q = d,s denote the corresponding 
CKM matrix elements for mesons. Therefore, one expects 




( 68 ) 



The observation of an asymmetry clsl at the percent level, would then be a clear 
indication of new physics beyond the SM. 

6.2 Direct CP violation 

Direct CP violation could be established by measuring a non-zero rate asymmetry 
in B ± decays. One example is the decay B ± — ► K ± p° which proceeds via a tree- 
and a penguin-diagram (Fig. §), t ne weak couplings of which are given by V ub V* s ~ 
AA 4 (p — irf) and V tb V t * s ~ — AX 2 , respectively^. Although the penguin contribution is 
of higher-order in the strong coupling, and suppressed by the loop factor l/(167r 2 ), 
one could expect both amplitudes to be of comparable size, owing to the additional 
A 2 suppression factor of the tree diagram. The needed strong-phase difference can 
be generated through the absorptive part of the penguin diagram, corresponding to 



on-shell intermediate particle rescattering [HB|. Therefore, one could expect a sizeable 



asymmetry, provided the strong-phase difference is not too small. However, a very 
large number of B ± is required, because the branching ratio is quite suppressed (~ 
1CT 5 ). Other decay modes such as B — > K ± Ks, K ± K*° [|7j involve the interference 



between penguin diagrams only and might show sizeable CP-violating asymmetries 
as well, but the corresponding branching fractions are expected to be even smaller 
than the previously discussed one. 

Figure 3: Feynman diagrams contributing to B~ — > K~p° 

The two interfering amplitudes can also be generated through other mechanisms. 
For instance, one can have an interplay between two different cascade processes [f48| , |49H 
like B- -> D°X- -> K S YX- and B~ -> D°X- -> K S YX~. Another possibility 
would be an interference between two tree-diagrams corresponding to two different 



decay mechanisms like direct decay (spectator) and weak annihilation ||50|1 . Direct 
CP violation could also be studied in decays of bottom baryons |HJ , where it could 
show up as a rate asymmetry and in various decay parameters. 

Note that, for all these flavour-specific decays, the necessary presence of strong 
phases makes very difficult to extract useful information on the CKM factors from 



§ Since m u , m c < < Mw , we can neglect the small quark-mass corrections in the up and charm 
penguin contributions. These two diagrams then differ in their CKM factors only, and their sum 
is regulated by the same CKM factor than the top-quark loop, due to the unitarity of the CKM 
matrix. 
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their measured CP asymmetries. Nevertheless, the experimental observation of a non- 
zero CP- violating asymmetry in any of these decay modes would be a major milestone 
in our understanding of CP-violation phenomena, as it would clearly establish the 
existence of direct CP violation in the decay amplitudes. 



6.3 Interplay Between Mixing and Direct CP Violation 

There are quite a few non-leptonic final states which are reachable both from a B° 
and a B°. For these flavour non-specific decays the B° (or B°) can decay directly to 
the given final state /, or do it after the meson has been changed to its antiparticle 
via the mixing process; i.e. there are two different amplitudes, A(B° — > /) and 
A(B° — > B° — > /), corresponding to two possible decay paths. CP- violating effects 
can then result from the interference of these two contributions. 

The time evolution of a state which was originally produced as a B° or a B° is 
given by 

' \B°(t)) \ = ( 9i(t) 
, \B°(t)) ) { W) 9i(t) 

where 




(69) 




= e -mt e -rt/2 f cos [(AM - | AT)t/2] 

{ -i sin [(AM- |Ar)t/2] 1 ' 

Since for B° mesons |Ar/AM| << 1, we will neglect the tiny Ar corrections in what 
follows. 

The time-dependent decay probabilities for the decay of a neutral B meson created 
at the time t = as a pure B° (B°) into the final state / (/ = CP f) are 

r[B°(t)-»/] cx ie""!^! 2 {[1 + IP/I 2 ] + [1 - IP/I 2 ] cos (AAf*) (71) 



-21m y-Pfj sin (AMt) 
T[B°(t)^f] oc ±e- rt \A f f{[l + \p f f} + [l-\p f f]cos(AMt) (72) 



-21m f-P/j sin (AMt) 



1. 



where we have introduced the notation 



A, = A[B°^f\, A f = -A[Bo^f\, p, = A,/A fl 
Af = A[B o ^ f }j A] = -A[B° - /], p f - = Aj/Aj. 



(73) 



CP invariance demands the probabilities of CP conjugate processes to be identical. 
Thus, CP conservation requires Af = Af, Af = Af, pf = pj and Im(|p/) = Im(|pj). 
Violation of any of the first three equalities would be a signal of direct CP violation. 



18 



The fourth equality tests CP violation generated by the interference of the direct 
decay B° — > / and the mixing- induced decay B° — ► B° — > /. 

Note that in order to be able to observe any CP-violating asymmetry, one needs 
to distinguish between B° and B° decays. However, a final state / that is common 
to both B° and B° decays cannot reveal by itself whether it came from a B° or a B°. 
Therefore, one needs independent information on the flavour identity of the decaying 
neutral B meson; this is referred to as "flavour tagging" . Since beauty hadrons are 
always produced in pairs, one can use for instance the flavour-specific decays of one 
B to "tag" the flavour of the companion B. 

An obvious example of final states / which can be reached both from the B° and 
the B° are CP eigenstates, i.e. states such that / = Qf (Q = ±1). The ratios 
Pf and pf depend in general on the underlying strong dynamics. However, for CP 



self-conjugate final states, all dependence on the strong interaction disappears |48| , |49H 
if only one weak amplitude contributes to the B° — > / and B° —> f transitions. In 
this case, we can write the decay amplitude as Af = Me l< ^ D e lSs , where M = M* , 0£> 
is the phase of the weak decay amplitude and 5 S is the strong phase associated with 
final-state interactions. It is easy to check that the ratios pf and pf are then given 
by (Af = M(fe^ D e i5 % A f = MC/e"^ D e i<5s , A f - = Me~^ D e iSs ) 

Pf- = p*=( f e 2 ^. (74) 

The unwanted effect of final-state interactions cancels out completely from these two 
ratios. Moreover, pj and pf simplify in this case to a single weak phase, associated 
with the underlying weak quark transition. 

Since \pj\ = \pf \ = 1, the time-dependent decay probabilities given in Eqs. (|7l"l) 
and (|7"2|) become much simpler. In particular, there is no longer any dependence on 
cos(AMt). Moreover, for B mesons |r 12 /M 12 | << 1, implying 



p ~ V M 12 ~ V tb V t * - { } 

Here q = d,s stands for B%, B®. In deriving this relation we have used the fact that 
M 12 is dominated by the top contribution, due to the quadratic dependence with the 
mass of the quark running along the internal lines of the box diagram. Therefore, 
the mixing ratio q/p is also given by a known weak phase, and the coefficients of 
the sinusoidal terms in the time-dependent decay amplitudes are then fully known in 
terms of CKM mixing angles only: 

* Cf sin [2(<p M + <f> D )) = C f sin (2$). (76) 

The time-dependent decay rates are finally given by 

T[B°(t)^f] = T[B° -> /]e- rt {i + C/sin(2$)sin(AMt)}, (77) 
T[B°(t) -»• f] = T[B° -> /] e- Tt {1 - C/sin (2$) sin (AMt)}. (78) 
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In this ideal case, the time-dependent CP-violating decay asymmetry 



provides a direct and clean measurement of the CKM parameters ||52|| . Integrating 
over all decay times yields 

roo (-) (-) x 

/ dtT[B° (t)-/] oc 1 T C /S in(2$)-— -, (80) 
Jo 1 + 



where x = AM/T. For 5° mesons, Xd = 0.70 ± 0.07 p3| ; thus, the mixing term 
Xd/ (1 + x 2 d ) suppresses the observable asymmetry by a factor of about two. For 

mesons, one expects x s ~ Vy 2 /! V t d\ 2 ~ x d /{X 2 [(l - p) 2 + rf}} » x d , and 
therefore the large B° s -B° s mixing would lead to a huge dilution of the CP asymmetry. 
The measurement of the time-dependence is then a crucial requirement for observing 
CP-violating asymmetries with B° s mesons. 

In e + e~ machines, running near the B°B° production threshold, there is an ad- 
ditional complication coming from the fact that the B meson used to "tag" the 
flavour is also a neutral one, and therefore both mesons oscillate. Moreover, the 
B°B° pair is produced in a coherent quantum state which is a C eigenstate (C-odd in 
e + e~ — > B°B°, C-even in e + e~ — > B°B ^). Taking that into account, the observable 
time-dependent asymmetry takes the form 

T[(B°B°) C=T -> / + (1-P 1 X+)] - T[(B°B°) C=T -> / + (1+VjX-)] 
Ti(B°B°) c=T - / + (l-i? l X+)} + r[(B°B°) c=T - / + (IMX-)] 

C f sin (2$) sin [AM (t T t)} , (81) 

where the B flavour has been assumed to be "tagged" through the semileptonic decay, 
and t (t) denotes the time of decay into / (l^). Note that for C = — 1 the asymmetry 
vanishes if t and i are treated symmetrically. A measurement of at least the sign of 
At = t — i is necessary to detect CP violation in this case. 

We have assumed up to now that there is only one amplitude contributing to the 
given decay process. Unfortunately, this is usually not the case. If several decay 
amplitudes with different weak and strong phases contribute, \j5f\ ^ 1, and the in- 
terference term will depend both on the CKM mixing parameters and on the strong 
dynamics embodied in the ratio pf. 

The leading contributions to b — > q'q'q decay amplitudes are either "direct" 
(Fermi) or generated by gluon exchange ("penguin"). Although of higher order in 
the strong coupling constant, penguin amplitudes are logarithmically enhanced, due 
to the virtual P^-loop, and are potentially competitive. Table contains the CKM 
factors associated with the direct and penguin diagrams for different -B-decay modes 
into CP-eigenstates. Also shown is the relevant angle In terms of CKM elements, 
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Decay 


CKM factor 
(Direct) 


CKM factor 
(Penguin) 


Exclusive channels 




b — > ccs 


AX 2 


-AX 2 


B° d - J/^K S , J/i,K L 
B° s ^D+D 7 ,J/i;r] 


P 



b — > sss 


- 


-AX 2 


B° d ^K s <p,K L <p 


P 


b — > dds 




-AX 2 


B° S ^K S K S ,K L K L 





b — > ccd 


-AX 3 


AX 3 (1 -p-irf) 


B° d -> D+D~, J/^7i° 
B° s - J/^K S , J/^K l 





b — > uud 


AX 3 (p + irj) 


A\ 3 (l - p-ir]) 


B° d ^ir+iT-,p Tr ,LUiT 
B° s ^p°K s ,ujK s ,7T K s , 
p°K L ,uK L ,n°K L 


^/? + 7 


b — > ssd 




AX 3 (1 - p-irf) 


B° d ^K s K s ,K L K L 
B° S ^K S <P,K L <P 






Table 2: CKM factors and relevant angle $ for some 5-decays into CP-eigenstates. 



the angles a, (3 and 7 are: 



a 



arg 



v M v* 



td v tb 



^ud^ub 



(3 = arg 



v td v tb] 



7 = arg 



«ci v ub 



Vcd V cb\ 



\2) 



Due to the unitarity of the CKM matrix, a + (3 + 7 = 7r. 

The 6 — > ccs quark decays are theoretically unambiguous |S3j] : the direct and pen- 
guin amplitudes have the same weak phase $ = /3 (0), for 5° (-8°). Ditto for 6 — > sss 
and b — > dds, where only the penguin mechanism is possible. The same is true for the 
Cabibbo-suppressed b — > ssd mode, which only gets contribution from the penguin 
diagram; the B d (B®) phases are (—0) in this case. The b — > ccd and b — > uud 
decay modes are not so simple; the two decay mechanisms have the same Cabibbo 
suppression (A 3 ) and different weak phases, but the penguin amplitudes are down 
by (a s /6ii) \ia(m w / m b ) « 3%: these decay modes can be used as approximate mea- 
surements of the CKM factors. We have not considered doubly Cabibbo-suppressed 
decay amplitudes, such as b — > uus, for which penguin effects can be important and 
spoil the simple estimates based on the direct decay mechanism. 

Presumably the most realistic channels for the measurement of the angles $ = 
(P, a, 7) are B d — > J/ipKs, B d — > (/?+7 = n—a) and B° s — > p°Ks, respectively. 

The first of these processes is no doubt the one with the cleanest signature and the 
most tractable background. The last process has the disadvantage of requiring a B° s 
meson and, moreover, its branching ratio is expected to be very small because the 
"direct" decay amplitude is colour suppressed, leading presumably to a much larger 
penguin contamination; thus, the determination of 7, through this decay mode looks 
a quite formidable task. 
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The decay modes where $ = are useless for making a determination of the 
CKM factors. However, they provide a very interesting test of the SM mechanism of 
CP-violation, because the prediction that no CP-asymmetry should be seen for these 
modes is very clean. Any detected CP-violating signal would be a clear indication of 
new physics. 

Many other decay modes of B mesons can be used to get information on the 
CKM factors responsible for CP violation phenomena. A recent summary, including 



alternative ways of measuring 7, can be found in ref. [H3 



7 Summary 

The SM incorporates a mechanism to generate CP violation, through the single phase 
naturally occurring in the CKM matrix. So far, only one non-zero CP-violation effect 
has been clearly established: e ~ 2.3 x 10~ 3 e* 7r / 4 . Therefore, we do not have yet 
an experimental test of the CKM mechanism. The value of e is just fitted with the 
CKM phase; but we could also fit this measured parameter using other non-standard 
sources of CP violation. In fact, the present observations can still be explained 



with the old "superweak" mechanism ||55|| , which associates CP violation with some 



unknown AS = 2 interaction, i.e. with a K°-K° mixing effect. 

Since all CP-violating effects are supossed to be generated by the same CKM 
phase, the SM predictions are quite constrained. Moreover, as shown in Sect. 0, the 
CKM mechanism implies very specific requirements for CP-violation phenomena to 
show up. The experimental verification of the SM predictions is obviously a very 
important challenge for future experiments, which could lead to big surprises. 

In the SM, CP violation is associated with a charged-current interaction which 
changes the quark flavours in a very definite way: U{ — > djW + , dj — > UiW~ . There- 
fore, CP should be directly violated in many (AS = 1, AD = 1, AB = 1, . . . ) decay 
processes without any relation with meson-antimeson mixing. Although the quantita- 
tive predictions are often uncertain, owing to the not so- well understood long-distance 
strong-interaction dynamics, the experimental observation of a non-zero CP-violating 
asymmetry in any self-tagging decay mode would be a major achivement, as it would 
clearly establish the existence of direct CP violation in the decay amplitudes. 

The SM mechanism of CP violation is based in the unitarity of the CKM matrix. 
Testing the unitarity relations of the CKM matrix elements is then a way to test the 
source of CP violation. Up to now, the only relation which has been precisely tested 
is the one associated with the first row of the CKM matrix: 

\V ud \ 2 + \V US \ 2 + \V ub \ 2 = 0.9981 ± 0.0027. (83) 

The unitarity relation is very well satisfied in this case, providing a nice confirmation 
of the SMp| However, only the moduli of the CKM matrix elements are involved in 
Eq. (|55|), while CP violation has to do with their phases. 

^ In fact, this is a test of the SM radiative corrections, which are crucial for extracting V u d 
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More interesting are the off-diagonal unitarity conditions: 



^udS^us 
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^cd^cs 


+ 


v; d v ts 


= o, 


^us^ub 


+ 
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v; s v tb 


= o, 


^ub^ud 


+ 


vSYcd 


+ 


v; b v td 


= 0. 



These relations can be visualized by triangles in a complex plane |57|]. Owing to 
Eq. (U), the three triangles have the same area \J\/2. In the absence of CP violation, 
these triangles would degenerate into segments along the real axis. 

In the first two triangles, one side is much shorter than the other two (the Cabibbo 
suppression factors of the three sides are A, A and A 5 in the first triangle, and A 4 , 
A 2 and A 2 in the second one). This is the reason why CP effects are so small for K 
mesons (first triangle), and why certain asymmetries in B s decays are predicted to 
be tiny (second triangle). 



Figure 4: The unitarity triangle. Also shown are various topics in B physics that 
allow to measure its sides and angles E| . 



The third triangle looks more interesting, since the three sides have a similar size 
of about A 3 . They are small, which means that the relevant 6-decay branching ratios 
are small, but once enough B mesons would be produced, CP-violation asymmetries 
are going to be sizeable. This triangle is shown in Fig. |], where it has been scaled 
by dividing its sides by |V^V^|. In the Wolfenstein parametrization (|7|), where V* b V cd 
is real, this aligns one side of the triangle along the real axis and makes its length 
equal to 1; the coordinates of the 3 vertices are then (0,0), (1,0) and (p,rj). The 
three angles of the triangle are just the angles a, (3 and 7 in Eq. (p2|), which regulate 
the .B-decay asymmetries. Note that, although the orientation of the triangle in the 
complex plane is phase-convention dependent, the triangle itself is a physical object: 
the length of the sides and/or the angles can be directly measured. 

At present, we already have some information on this unitarity triangle. CP- 



conserving measurements can provide a determination of its sides. The measured [53] 
T(b — > u)/T(b — > c) ratio fixes one side to be: 



ub 



XV, 



cb 



p 2 + v 2 = 0.34 ±0.12. 



The other side can be extracted from the observed |53] B d -B d mixing: 

v td 



Rt = 



XV, 



cb 



l-p) 2 + r] 2 = 0.97 ±0.43. 



(85) 



(86) 



with the quoted precision. If these corrections were neglected, unitarity would be violated by many 
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R t depends quite sensitively on the non-perturbative parameter Bsfs [t ne B analo- 
gous of B K j\ in Eq. (|46|) ] and on m t . The number in Eq. (|86|) corresponds to the 
presently favoured values \JB B j B = (1.6d=0.4)/ w and m t = 160±30. In principle, the 
measurement of these two sides could make possible to establish that CP is violated 
(assuming unitarity), by showing that they indeed give rise to a triangle and not to 
a straight line. With the present experimental and theoretical errors, this is however 
not possible. 

A third constraint is obtained from the measured value of the CP-violation pa- 
rameter e, which forces the (p, 77) vertex to lie in the hyperbola ([|7]). The value of the 
Bk parameter is the dominant source of uncertainty; taking the conservative estimate 
1/3 < Bjc < 1, which is in agreement with all determinations in Table [I], rj > 0, but 
the sign of p is still not fixed. The final allowed domain for the vertex (p, if), satisfying 
these three constraints, is quite large because of the present theoretical uncertainties. 

The observation of CP-violating asymmetries with neutral B mesons, would al- 
low to independently measure the three angles of the triangle, providing an overcon- 
strained determination of the CKM matrix. As shown in the previous section, theoret- 
ical uncertainties can largely be avoided, for instance in decays into CP-selfconjugate 
states, so that CP-odd signals can be directly translated into clean measurements 
of these angles. If the measured sides and angles turn out to be consistent with a 
geometrical triangle, we would have a beautiful test of the CKM unitarity, providing 
strong support to the SM mechanism of CP violation. On the contrary, any deviation 
from a triangle shape would be a clear proof that new physics is needed in order to 
understand CP-violating phenomena. 

CP violation is a broad and fascinating subject, which is closely related to the 
so-far untested scalar sector of the SM. New experimental facilities are needed for 
exploring CP-violating phenomena and test the SM predictions. Large surprises may 
well be discovered, probably giving the first hints of new physics and offering clues 
to the problems of fermion-mass generation, quark mixing and family replication. 
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